proposed estimator can easily extend the estimation range to multiple symbol intervals due to its low complexity. The drawback of the proposed estimator is that it needs longer training sequence than the ML estimator to achieve a satisfactory performance in fading channels.
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Abstract-The location of a mobile station (MS) can be estimated from distance measures between an MS and several base stations (BSs). However, distance measure accuracy is degraded due to the complicated indoor environment, particularly non line-of-sight (NLOS) propagation. To improve the accuracy of wireless localization, knowledge of whether the BS-MS path is line-of-sight (LOS) or NLOS may be of significant importance. Several papers have proposed the use of kurtosis for NLOS identification in ultrawideband systems. In this paper, we investigate the kurtosis of different channel impulse response (CIR) forms and explore the potential of kurtosis for LOS/NLOS identification with two sets of bandwidth and number of frequency tap configurations in terms of simulations. A statistical analysis of kurtosis is also conducted with an extensive set of multiple-input-multiple-output (MIMO) channel measurement data collected at Aalto University, Finland. Both simulation and measurement results indicate that using decibels of CIR amplitude in kurtosis calculation provides consistent information about the LOS/NLOS condition regardless of system parameters. The results also show that average kurtosis over MIMO channels, when available, gives a better indication of LOS/NLOS conditions. Index Terms-Identification, kurtosis, line-of-sight (LOS), multipleinput-multiple-output (MIMO) measurement, non line-of-sight (NLOS).
I. INTRODUCTION
Over the last few years, localization and navigation services in wireless mobile networks have gradually entered into the daily lives of people all over the world, in most of the cases through applications such as route guidance. This trend will continue in the future, and more people will become direct or indirect users of such services. Basically, the mobile station (MS) location may be determined based on distance measures between an MS and several base stations (BSs). The distance measures can be estimated based on, for example, a logarithm-distance path-loss model [1] - [4] , as shown in
where P L is the total path loss measured in decibels, P L 0 is the path loss in decibels at reference distance d 0 , d is the length of the path, n is the path-loss exponent, and X g is a Gaussian random variable with zero mean. In this path-loss model, P L and P L 0 are usually obtained by the measurement. Therefore, distance d between the MS and the BS can be estimated if n and X g are known. However, the accuracy of n and X g estimation depends on the wireless propagation channel. If the path between the MS and the BS is in the line-of-sight (LOS), accurate n and X g estimation yields high-quality distance d estimates and, thus, enables MS localization. However, non line-of-sight (NLOS) conditions in the MS-BS path often occur indoors due to complex building structures, which block the direct radio link. Precision of path-loss parameter estimation is degraded, which results in poor estimation of the MS location. It is therefore critical to identify NLOS conditions so that the accuracy of the path-loss model could be improved. Several papers have proposed different techniques based on kurtosis for NLOS identification [5] - [7] . However, these identification techniques are mainly used in an ultrawideband (UWB) system, which has > 500 MHz absolute bandwidth or a large relative bandwidth (larger than 20%) [8] . The distribution of channel impulse response (CIR), hence the kurtosis, in other systems might be very different from that in UWB systems. Kurtosis-based NLOS identification may not be valid with different system configurations. This research investigates the kurtosis of different CIR forms with two sets of bandwidth and number of frequency tap configurations in the simulations. With an extensive set of multiple-input-multiple-output (MIMO) channel measurement data, which were collected at Aalto University, Finland [9] , the statistical analysis of kurtosis in the MIMO channel and the singleinput-single-output (SISO) channel is conducted. The contribution of this paper is twofold: First, it utilizes a different form of CIR for kurtosis calculation, in which the kurtosis values in both LOS and NLOS conditions are more consistent regardless of system configurations than the conventional method. Second, it provides statistical analysis of kurtosis in both MIMO and SISO channels.
The remainder of this paper is organized as follows: Section II describes the channel measurement environment; Section III presents the definition of kurtosis; Sections IV and V show the statistical results and discussion in terms of simulations and measurements, respectively; and finally, conclusions are drawn in Section VI.
II. MEASUREMENT DESCRIPTION
Radio channel measurements were carried out at the Aalto University Computer Science Building. The building has a typical office or library structure: It is a three-storey building with a large hall in the middle. The hall occupies the whole height of the building and is surrounded by classrooms and offices. The measurements use a MIMO channel sounder [9] with a 5.3 GHz center frequency and a 120 MHz signal bandwidth and two separate receiver units. Four measurement routes considered in this paper are shown in Fig. 1 . The locations of RX1 and RX2 are fixed, and the transmitter is moving along the route in the direction of the arrow. These routes cover both LOS and NLOS conditions. Each route has a large number of snapshots (instantaneous MIMO channel realizations, spaced 39.32 ms apart). With two receivers, we have a CIR of TX-RX1 and TX-RX2 links with a MIMO matrix size of 30 × 32 and 30 × 30, respectively. More details about the antenna structure and measurement configurations can be found in [9] .
III. PARAMETER DEFINITION AND STATISTICAL ANALYSIS
Kurtosis is defined here as the ratio of the fourth-order moment of the data to the square of the second-order moment. It characterizes peakedness of the data samples. Kurtosis has been also defined as "a measure of whether the data are peaked or flat relative to a Gaussian distribution" [10] . For example, data samples with high kurtosis tend to have a distinct peak near the mean, whereas data sets with low kurtosis tend to have a flat top near the mean rather than a sharp peak. Thus, the kurtosis metric can be used to identify the LOS channel since the CIR is peakier with respect to flatter NLOS channels. Mathematically, the kurtosis can be expressed as
where X is the random variable under evaluation, and μ X and σ X are the mean and the standard deviation of X, respectively. In [5] - [7] , the authors have taken the CIR amplitude X = |h(t)| as the data samples for kurtosis calculation in a UWB system. However, the properties of the CIR and, hence, the kurtosis might be different depending on the system parameters. Moreover, kurtosis calculation by using |h(t)| may not be the best option for NLOS identification, since the linear scale amplitude is positive and, thus, always different from Gaussian. In this paper, we evaluate the kurtosis of the CIR amplitude in logarithmic scale. The kurtosis is the same with any logarithm with any scale factor in front, but in this paper, we use X = 20 log 10 (|h(t)|), which is supported by the often assumed lognormal of CIR amplitude fading. We assume the kurtosis to have a high value for LOS and a low value for NLOS (ideally, 3 for a pure Gaussian random variable). For this reason, the decision can be taken for NLOS when κ is smaller than a certain threshold [12] . Moreover, we use different MIMO channels to average over the kurtosis estimates computed from each individual CIR.
IV. SIMULATION RESULTS
To evaluate the kurtosis of different CIR forms in LOS/NLOS conditions and the dependence of the kurtosis value on the bandwidth and the number of frequency tap, computer simulations have been carried out using the calibrated model of the same cylindrical dual-polarized antenna arrays that was used in the measurements. In the simulation, the transmitter location is fixed. The receiver is randomly placed within +/−25 m away from the transmitter, and the scatters are randomly placed +/−50 m away from the transmitter. There are 30 scatters in the NLOS condition and one direct path with five scatters in the LOS condition. The simulation generates CIR vectors for two different system parameters: 1) 120 MHz bandwidth and 192 frequency taps (CIR length = 192/120 MHz = 1.6 μs), which corresponds to the data from the sounder in the measurements and 2) 20 MHz bandwidth and 64 frequency taps (CIR length = 64/20 MHz = 3.2 μs), which corresponds to 802.11 wireless local area network orthogonal frequency-division multiplexing standards. For each set of parameters, we have 100 channel realizations. In each channel realization, 30 × 32 CIR vectors are generated, and the kurtosis is calculated as the average of all the kurtosis values of each CIR vector. The variable Fig. 2 . Histograms of kurtosis with simulated CIR. The decibel-based kurtosis yields reasonable threshold selection for both system parameter sets, whereas the absolute-value-based kurtosis is more sensitive to system settings.
X is taken by CIR h(t) samples with two different methods: 1) the amplitude of CIR, X = |h(t)|, and 2) logarithm of CIR amplitude, X = 20 log 10 (|h(t)|).
The histograms of kurtosis values in LOS and NLOS conditions with two sets of system parameters ("Sys.1" and "Sys.2" in the plot) are shown in Fig. 2 . The distribution of kurtosis by using CIR amplitude ("abs" in the plot) has significant dependence on the system parameters for both LOS and NLOS conditions. A general threshold for NLOS identification is hard to select due to the high variation in kurtosis between system parameters. On the other hand, by using decibels of CIR amplitude ("dB" in the plot) as a variable, the kurtosis is less sensitive to the system parameters. The kurtosis values in LOS and NLOS conditions for both systems have small variance between channel realizations. The kurtosis value in NLOS conditions is close to 3, which indicates that the probability density function of the variable is close to a Gaussian distribution. From the NLOS identification point of view, by using decibels of CIR amplitude as a variable, the kurtosis shows good consistence and separation between LOS and NLOS regardless of the system parameters. Therefore, a general threshold can be easily selected for NLOS identification even if the system parameters would change.
V. MEASUREMENT RESULTS
The kurtosis was also evaluated with measurement data. channels, the average kurtosis over the MIMO channels, when available, gives a better indication of LOS/NLOS conditions.
VI. CONCLUSIONS
This paper has presented the statistical analysis based on the MIMO channel measurements in an office building at Aalto University. The kurtosis of CIR in LOS and NLOS channels has been studied with two sets of system parameters in terms of both simulation and measurement. Both the simulation results revealed that the kurtosis, by using CIR amplitude, had significant dependence on the system parameters.
By using only CIR amplitude as a variable, the values of kurtosis varied over a wide range with the change in system parameters in both LOS and NLOS conditions. A general threshold was hard to select for NLOS identification in different system configurations. On the other hand, by using CIR amplitude in logarithmic scale as a variable, the kurtosis was less sensitive to the system parameters and was more consistent and had clearer separation for NLOS and LOS conditions regardless of system parameters. Therefore, a general threshold could be selected, and it would also work even if the system parameters would change based on the simulation results. The measurement results also showed that if multiple antennas were available, the average kurtosis, which was averaged over all the kurtosis values and a period of time, should give a better indication of LOS/NLOS conditions.
